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SYNTHESIS OF FERROCENYL NAPHTHAQUINONE DERIVATIVES 
SUMMARY 
In recent years, the construction of ferrocene containing substances is gaining more 
importance since they have found potential applications in the fields of asymmetric 
synthesis, drug design, electrochemistry and particularly in material science. 
Moreover, ferrocene substituted compounds receive considerable attention as a new 
source of biologically active molecules with the emergence of bioorganometallic 
chemistry. Particularly, synthesis of ferrocene substituted tamoxifen analogs 
“ferrocifens” found active against breast cancer cells and ferrocene-chloroquine 
derivatives as antimalarial agents stimulated new studies in this area.  
As a strong electron donor having chemical versatility and thermal stability, 
ferrocene participates in electron transfer systems with electron acceptor species. 
Electron donor-acceptor dyads and triads of ferrocene derivatives with fullerene, 
phthalocyanines and corroles have already been described. Dithiafulvalene and 
tetrathiafulvalene derivatives of ferrocene have been reported as donor conducting 
materials for charge-transfer complexes. Moreover, ferrocene has been combined 
with good electron acceptor quinones covalently or by various spacers. Among them, 
ferrocene-benzoquinone and ferrocene-anthraquinone donor-acceptor systems with 
or without a spacer are quite common. However, to the best of our knowledge, only a 
few ferrocene-naphthaquinone pairs prepared by the reaction of Fisher-type 
chromium carbene complexes with ethynylferrocene are available in the literature.  
In this respect, we have devoted our interests to the synthesis of new ferrocenyl 
naphthaquinone derivatives via a well-known regiospecific method which offers an 
easy access to highly substituted quinones. 
The synthesis of novel ferrocenyl naphthaquinone derivatives was achieved by the 
reaction of 3-isopropoxy-4-ferrocenyl-3-cyclobutene-1,2-dione with different aryl 
lithiums. This reaction initially gave reactive intermediates 4-aryl-4-
hydroxycyclobutenones which were heated to yield desired ferrocenyl 
napthaquinones in good yields.   
 xvi
  xvii
FERROSENİL NAFTAKİNON TÜREVLERİNİN SENTEZİ 
ÖZET 
Son yıllarda ferrosen ve türevleri oldukça ilgi çekmektedirler. Çünkü ferrosen içeren 
yapılar asimetrik sentez ve ilaç tasarımı özellikle de malzeme bilimi konularında 
çeşitli amaçlara yönelik kullanılmaktadırlar. Bundan başka ferrosen içeren maddeler 
biyoorganometalik kimyanın yükselişiyle biyolojik aktiviteye sahip moleküllerin 
yeni bir kaynağı olarak dikkatleri çekmektedir. Özellikle meme kanseri hücrelerine 
karşı etkisi görülen ferrosen sübstitue tamoksifen analoglarının (ferrocifenlerin) ve 
anti-sıtma ajanları olarak bilinen ferrosen-klorokinin türevlerinin sentezi bu alandaki 
çalışmaları arttırmıştır.  
Yüksek kimyasal ve termal kararlılığa sahip güçlü bir elektron verici olan ferrosen, 
elektron iletim sistemlerinde elektron alıcı türlerle birlikte yer alarak potansiyel 
elektro-optik materyalleri oluşturdukları bilinmektedir. Bu çalışmada ferrosen, 
hidrokinon ve kinon türevlerinin sentezi için geliştirilmiş oldukça etkin ve pratik bir 
yöntemle iyi bir elektron alıcı olan naftakinon türevleriyle doğrudan bir kovalent bağ 
aracılığıyla birleştirilmektedir. 
Yeni ferrosenil naftakinon türevlerinin sentezi 3-izopropoksi-4-ferrosenil-3-
siklobütene-1,2-dion başlangıç maddesi ile çeşitli aril lityum bileşiklerinin 
reaksiyonuyla gerçekleştirilmektedir. Bu reaksiyon öncelikle reaktif ara ürün 4-aril-
4-hidroksi-siklobütenon yapılarını vermektedir. Daha sonra ara ürün olan bu alkoller 
ısıtılarak istenilen ferrosenil naftakinon türevlerini iyi verimlerle üretmektedir. 
 
  xviii
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1.  INTRODUCTION 
1.1 Organometallic chemistry 
Organometallic chemistry has become a challenging topic of research for chemists in 
both industry and the academic world over the past few decades. Its major role in 
organic and inorganic chemistry is the synthesis of structurally diverse compounds 
having numerous applications. In addition to its functions in organic and inorganic 
chemistry, it also plays an important role in other branches of chemistry such as 
biochemistry.  
Organometallic compound is defined as one in which there is a bonding interaction 
(ionic or covalent, localized or delocalized) between one or more carbon atoms of an 
organic group or molecule and the metal atom. The field of organometallic 
chemistry combines aspects of organic chemistry and inorganic chemistry and has 
led to many important applications in synthetic community [1, 2].  
Today a number of important industrial processes are fulfilled by the assistance of 
organometallic chemistry. Some of these processes are Wilkinson hydrogenation 
[3], Monsanto’s acetic acid process [4], Ziegler-Natta polymerization [5,6], Wacker 
process [7], asymmetric hydrogenation [8-12] and many others [13]. 
Organometallic chemistry does not only make contribution to synthetic community 
and quality of life but also it adds powerful synthetic methods in organic chemistry. 
In modern synthetic organic chemistry, the complexity of synthetic targets which are 
originating from both natural and synthetic sources are increasing and there is a 
great demand for new and easily applicaple methods for the synthesis of the 
complex structures. Thus, development of novel procedures or refinement of the 
already present methods are needed to fulfill increasing expectations in organic 
synthesis. The main target of organic chemistry is the synthesis of new molecules 
having specific functions which are useful in life. Those organic molecules have 
found numerous application areas such as medicine, agriculture, and material 
chemistry. Chemistry is increasingly influenced by biology as a result of advances 
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in our understanding of the chemical basis of life [14]. Therefore,  organometallic 
chemistry is beginning to make links with biochemistry.  
Obviously, there is a great number of organometallic species that also exist in 
biology. For many years organometallic chemistry is thought to be sensitive to water 
and oxygen which are essential for biology. Due to the fact that, organometallic 
chemistry and biology are considered as two separate fields of research. 
However, as researchers went deeper into organometallic chemistry, they began to 
realize that much of this field is compatible with biology. The discovery that 
certain inorganic complexes  such as cis-platin are effective against testicular 
cancer has led to increase in research on metal complexes as drugs [15]. 
1.2 Metallocenes and Ferrocene 
Metallocenes are organometallic compounds which consist of a metal between 
two planar polyhapto rings have become an area of great interest [16]. They are 
informally called “sandwich compounds”. One of the ligands encountered in these 
polyhapto rings is cyclopentadienyl. The cyclopentadienyl ligand (C5H5) has 
played a major role in the development of organometallic chemistry and a huge 
number of metal cyclopentadienyl compounds are known today. 
Bis(η5-cyclopentadienyl) iron, namely ferrocene [Fe(C5H5)2] (1), which is an orange 
crystalline and diamagnetic solid, is one of the well-known and most popular 
sandwich compounds [17]. It was first made unintentionally from the reaction of 
cyclopentadiene and iron powder in 1951, originally designed to couple the diene. 
A light orange powder was obtained instead, which had a melting point of about 
173 ºC and a staggered configuration in the solid state and an eclipsed form in 
the gas phase. The structure of the compound was confirmed by NMR and X-
Ray studies. The sandwich structure of Cp2Fe was discovered by G. Wilkinson, R. 
B. Woodward and E. O. Fischer independently [18]. They suggested a “double 
cone” structure with all five carbon atom of a cyclopentadienyl ligand interacting 
with the metal centre. In 1973, Wilkinson and Fischer were awarded the Nobel 
Prize for the subsequent synthesis of ferrocene (1) and its further complexes. With 
its 18 valance electrons, ferrocene is the most stable member of the metallocene 
series. It sublimes readily and is not attacked by air or water, but can be oxidized 
reversibly [19]. Ferrocene is also stable at temperatures greater than 500oC. 
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Ferrocene undergoes many reactions characteristic of aromatic compounds, notably 
Friedel-Crafts acylation and alkylation, mercuration and Vilsmeier formylation 
[20]. Ferrocene derivatives containing asymmetric substituents are used as 
ligands for asymmetric hydrogenation catalysts [21]. Some basic reactions of 
ferrocene are shown in Figure 1.1. 
 
 
Fe
 
Fe
Fe
Fe
MeOCCl
AlCl3
CH2O
Me2NH
Hg(OAc)2
HgOAc
CH2
N
CH3
CH3
1
O
CH3
 
Fe
O
HMe2NCHO
POCl3
 
Figure 1.1 Typical electrophilic substitution reactions of ferrocene 
Today, the construction of ferrocene containing substances is gaining more 
importance since they are successfully applied in material science, electrochemistry 
and asymmetric synthesis. Moreover, ferrocene substituted compounds receive 
considerable attention as a new source of biologically active molecules with the 
emergence of bioorganometallic chemistry. For example; tamoxifen (2) and its 
derivatives are important medicines used for the treatment of breast cancer. 
However, they lose their effect when they are used in the long-running treatments, 
also they are inefficient for the treatment of hormone independent type tumors. 
Because of those disadvantages of tamoxifen, studies for the improvement of those 
medicines have been accelerated and ferrocene substituted tamoxifen (4) analogs 
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“ferrocifens” found active against breast cancer cells and those ferrocifen analogs 
showed excellent results (Figure 1.2) [22]. On the other hand, ferrocene substituted 
molecules do not only show biological activity against cancer but also they are 
effectively used in the treatment of some other diseases.  
O(CH2)2N(CH3)2
R
2 Tamoxifen (R = H)
3 Hyroxytamoxifen (R = OH)
Fe
O(CH2)2N(CH3)2
4 Hydroxyferrocifen (R = OH)
R
 
Figure 1.2 Tamoxifen and ferrocifen as anticancer agents 
Chloroquine (5) and its derivatives are powerful medicines used as antimalarial 
agents. However, because the parasite of the illness shows resistance to the medicine 
in the meantime, new derivatives of chloroquine were needed to be synthesized. The 
parasite needs iron present in the red blood cells. Thus the ferrocenyl chloroquine 
derivative was synthesized in order to capture the parasite with the ferrocenyl part 
and destroy with the chloroquine part. According to the tests performed it was 
proved that ferroquine (6) is much more effective than chloroquine (Figure 1.3) [23-
25]. 
NCl
HN
NCl
HN
Fe
5 Chloroquine 6 Ferroquine
N N
 
Figure 1.3 Chloroquine and ferroquine as antimallarial agents 
1.3 Charge transfer systems 
Today, modern technology and communication need small, cheaper electronic 
components and devices having larger information storage capacity and faster 
processing power. Silicon based technologies have almost been reached the 
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minimaturization limits of electronic components involving desired properties. Thus, 
it is obvious that to exceed these limitations and to develop scientific and 
technological innovations, molecular arrangement of a material must be controlled. 
Especially, the improvements in the field of nanotechnology accelerate the 
production of new electronic instruments and devices containing organic and 
organometallic materials. 
In this respect, the synthesis of  novel organic and organometallic molecules which 
supply vital requirements for further achievements in this field is important. The rich 
diversity of organic and organometallic compounds and available numerous 
synthetic methods to produce them are the main advantages of organic and 
organometallic based materials over inorganic compounds. Thus, various highly 
conjugated organic small molecules, oligomers and polymers attract increasing 
attention since they have found application as a semiconductive active layer in 
molecular electronic devices such as organic light emmitting diodes (OLEDs), 
organic field-effect transistors (OFETs), organic thin film transistors (OTFTs), and 
solar cells [26].   
Molecules containing electrone donor and acceptor groups are potential canditates 
for NLO materials because of their electrone transfer ability. Among them 
organometallic or coordination complexes which contain electrone donor or acceptor 
species, have many advantages because the properties of those molecules can be 
easily improved or differentiated depending on the type of the metal and ligand and 
oxidation state of the metal. Among those groups, ferrocene is one of the most 
important molecules. Ferrocene is a molecule having chemical versatility and 
stability and also it forms stable ferrocene-ferrocenium redox couple with the 
reversible electrone oxidation. As a strong electrone donor, ferrocene participates in 
electrone transfer systems (donor-acceptor systems) with electrone acceptor species. 
Those electrone transfer systems are potential NLO materials (Figure 1.4) [27-31].  
In this study, we have devoted our interests to combine ferrocene as a strong electron 
donor moiety with naphthaquinone units which are known as electron acceptor 
species. New ferrocenyl naphthaquinone derivatives were synthesized via a well 
known regiospecific method involving the reaction of the ferrocenyl 
cyclobutenedione with different aryl lithiums and subsequent thermolysis of initially 
formed ferrocenyl hydroxycyclobutenones.  
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Fe NO2
Fe N NO2
Fe
S
CN
CN
NC
Fe
S S
Fe
Fe
O
O
O
+
Fe H
NO2O2N
R
NO2
R = CO2(CH2CH2O)CH3
Fe H
S
H
N SO
Fe
 
Figure 1.4 Some electrone donor-acceptor systems with ferrocene. Electrone 
acceptor groups: nitro (NO2) and cyano (CN), iron complex, 
heterocyclic compound, fluorene and azulene derivative. 
1.4 Squaric acid based synthesis method 
The synthesis method used in this study is a squaric acid based synthesis method that 
has been studied intensively in recent years and it is most commonly used for the 
synthesis of quinone derivatives [32-34]. Squaric acid (7) is an oxocarbonic, diprotic 
(pKa1 = 0.52,  pKa2 = 3.48) organic acid which is also used as an active ingredient in 
the treatment of warts. In addition to its useage in pharmaceutical industry, squaric 
acid is also used as an important building block in synthetic organic chemistry 
because of its special strained structure. Squaric acid has unique characteristics [35] 
and has been applied for advanced materials [36], it has also received much attention 
from the synthetic point of view as a precursor of substituted cyclobutenones and 
cyclobutendiones, which can be transformed into important ring systems [37, 38] 
such as quinone [39, 40-44], phenol [40-44], cyclopentendione [45-48], butenolide 
[49-52], and various heterocycles [53-56].  
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Squaric acid can not be used directly in the syntheses of ring systems because of its 
low solubility in organic solvents and its aromatic stability. Thus, its ester derivatives 
[cyclobutenedione derivatives (8, Figure 1.5)] are generaly used as starting materials. 
Starting from the cyclobutenedione building block, many molecules, especially 
quinone derivatives have been synthesized by different research groups [32-34]. 
Generally, the aim of those studies are to produce synthetic biologically active 
molecules or natural products. Molecules shown in Figure 1.5, are basically 
synthesized starting from cyclobutendione derivatives (8) via the ring expansion and 
following ring closure processes. Thus, cyclobutenedione based methodology allows 
the synthesis of five, six and even eigth-membered carbocyclic or heterocyclic ring 
systems [57].  
OHO
HO
N
O
OAc
R2
R1
OH
OH
R2
R1
R
O
O
R2
R1
O
ROH
Benzen
R = i-Pr, Me, Et
ORO
RO O
7 8 O
O
R2
R1
ORO
RO O
8
R
R
OH
OH
R2
R1
X
O
O
R2
R1
X
X = O, N, S
O
O
R1
R2
R
R
R1, R2 = alkil, aril, OMe, v.b
R = alkil, aril, halojen
O
R1
i-PrO
MeO Me
R2
Z
Z = O, N, S, C=C
R1, R2 = alkil, aril, OMe, v.b
O
O
R2
R1
R
O
OR
R1, R2 = alkil, aril, OMe, v.b
R = alkil, aril, halojen
R1, R2 = alkil, aril, OMe, v.b
R = alkil, aril, halojen
 
Figure 1.5 Examples of some molecules synthesized by squaric acid based synthesis 
method 
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Cyclobutenediones have been used as versatile starting materials for the synthesis of 
a wide range of multifunctional molecules [58,59]. Cyclobutenediones (8) can be 
thought as structures containing vinylic esters and can be derivatized in a two-step 
method. The method involves the reaction between cyclobutenediones with 
organolithium compounds to form firstly the more reactive 1,2-substitution products, 
namely 4-substituted 4-hydroxy-2-cyclobutenone (9, 10, 12) derivatives. The 
hydrolysis of hydroxycyclobutenone derivatives in acidic medium, furnishes 
cyclobutenedione derivatives (11, 13, 14, Figure 1.6) with different substituents 
[58,59]. 
ORO
RO O
8
ORO
RO
10
OH
O
RO O
13
Li1)
2) H2O
HCl
1) R1Li
2) H2O
ORO
RO
9
OH
R1
HCl
OR1
RO O
11
ORO
RO
12
OH
R1
O
RO O
14
R1
Li R11)
2) H2O
R1 = Alkil, Aril, Heteroaril
 
Figure 1.6  Preparation of cyclobutendione derivatives (11, 13 and 14) with 
organolithium compounds in two step 
The reactive 4-hydroxy-2-cyclobutenone derivatives (9, 10 or 12) can undergo 
thermal rearrangement resulting with the hydroquinone structures which are 
genarally oxidized to corresponding quinones [60-62].  
Detailed mechanism for the formation of quinones with different substituents (19) 
starting from 4-hydroxy-2-cyclobutenone derivatives (15) is shown in Figure 1.7. 
The proposed mechanism for the formation of quinones entails elecrocyclic ring 
opening of 4-hydroxycyclobutenones, such as 15, and subsequent thermally allowed 
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6π ring closure to afford hydroquinone derivatives (18) after the enolization. Initially 
formed hydroquinones are further oxidized to achieve desired quinones. 
OR1
R2 OH
O
OH
R1
R2
O
OH
R2
R1
OH
OH
R2
R1
O
O
R2
R1
15
16 17
1819
[Ox.]
Z
Z Z
ZZ
Δ
Z = O, S, NR,
N CH, HC CH
(a)
(b)
(c)
(d)
 
Figure 1.7 Formation of quinone derivatives (19) from 4-hydroxy-2-cyclobutenone 
derivatives (15). (a) Electrocyclic ring opening, (b) 6π electrocyclic ring 
closure, (c) enolization, (d) oxidation 
Ferrocenyl quinone and naphthaquinone derivatives have been studied before by 
different research groups. In one of these studies, ferrocenyl quinones have been 
synthesized by squarate-based synthesis method. As it is shown in Figure 1.8, 
starting from 4-hydroxy-2-cyclobutenone derivatives ferrocenyl quinones have been 
synthesized [63]. Cyclobutenones bearing an unsaturated substituent at the 4-position 
have used as starting materials, because they have known as valuable reagents in the 
synthesis of quinones. Thermolysis of hydroxycyclobutenone derivatives in dioxane 
at 100 oC firstly produced hydroquinones. After the oxidation of the initially formed 
hydroquinones with PbO2, quinone derivatives were obtained in high yields [63]. 
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O
R1 OH R2
Fe
R2
OH
OH
R1 R2
O
O
R1
Fe Fe
Pb02Dioxane
100 oC, 5 h CH2Cl2
R1= Me, i-PrO, Fc
R2= Me, Ph  
Figure 1.8 Synthesis of ferrocenyl quinones 
Ferrocenyl quinones have also been synthesized by benzannulation with fischer 
carbene complexes [64]. In this study, ferrocenyl acetylene underwent 
benzannulation reaction with some aryl and alkenyl carbene complexes and after the 
following oxidative work-up processes the desired ferrocenyl quinones and 
naphthaquinones have been obtained (Figure 1.9).  
O
O
Fe
Fe
Cr(CO)5
Ph
OMe 1. THF, 65OC, 2h
2. PbO2, CH2Cl2
H
71 %  
Figure 1.9 Ferrocenyl naphthaquinone derivatives synthesized with benzannulation 
reaction 
In this study, following the method described above, we prepared variously 
substituted ferrocenyl naphthaquinones in good yields. In the Results and Discussion 
part, the full scope and limitations of this study are presented. 
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2.  RESULTS AND DISCUSSION 
2.1 Synthesis of ferrocenyl cyclobutendione (23) :  
The starting material ferrocenyl cyclobutenedione (23) has synthesized by the 
reaction of diisopropyl squarate (21) and ferrocenyl lithium prepared in-situ by the 
treatment of t-BuLi with ferrocene under nitrogen atmosphere in dry THF. The 
solution of ferrocenyl lithium was transferred into diisopropyl squarate (21) solution 
in dry THF at –78 oC via a cannula to prevent air contact. After the addition of acetic 
anhydride to the resulting solution and the stirring of the solution overnight at room 
temperature, ferrocenyl cyclobutenedione (23) was obtained in 40-60 % yields 
(Figure 2.1). 
During this study, ferrocenyl cyclobutendione (23) was prepared in small amounts 
whenever needed because we have investigated that preparation of large amounts of 
ferrocenyl cyclobutenedione (23) gave poorer yields.When it was stored, the quality 
of the product got worse  even it was kept in cold. 
The synthesis of ferrocenyl cyclobutenedione was performed according to a well-
known literature procedure [65]. However, during the course of the synthesis it was 
found that addition of acetic anhydride instead of trifluoroacetic anhydride used in 
the literature gave better results. Also, it was observed that the purification of the 
crude product was easier by column chromatography when acetic anhydride was 
used to quench the resulting solution. 
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t-BuLi
THF
0 oC, 1h
Fe
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i-PrO
i-PrO
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O
21
+
THF
-78 oC, 3h.,
then (CH3CO)2O
O
i-PrO O Fe
O
H3C
i-PrO
NH4Cl (aq)
i-PrO
Fe
O
O
23 (% 40-60)
HO
HO
O
O
7
Benzene
i-PrOH
1 20
22
-78 oC
72h, rt
 
Figure 2.1 Synthesis of ferrocenyl cyclobutendione (23) as starting material. 
2.2 Synthesis of ferrocenyl naphthaquinone derivatives : 
In this study, a practical approach involving thermal rearrangement of variously 
substituted 4-aryl-4-hydroxycyclobutenones to ferrocenyl naphthaquinone 
derivatives was described. The reaction of 3-isopropxy-4-ferrocenyl-3-cyclobutene-
1,2-dione with aryl lithiums gave 4-aryl-4-hydroxycyclobutenones which were 
heated in p-xylene to yield ferrocenyl naphthaquinones. Totally 11 different 
ferrocenyl naphthaquinone derivatives were obtained and 1H, 13C-NMR, IR and mass 
spectroscopy measurements were done.  
In our first attempt, the reaction between ferrocenyl cyclobutendione (23) and p-
lithio anisole (24a) was examined. Aryl lithium compound, p-lithio anisole (24a) 
was obtained from the reaction of p-bromoanisole with n-BuLi at –78 oC in dry THF. 
After the reaction was stirred for 1 hour, p-lithio anisole solution (24a) was 
transferred to ferrocenyl cyclobutenedione solution (23) that was also prepared under 
nitrogen atmosphere and in dry THF. The reaction mixture was stirred for 3 hours at 
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– 78 oC and then quenched with aqueous NH4Cl solution. After the separation and 
concentration of the organic phase, 4-hydroxy-4-cyclobutenone intermediate (25a) 
was isolated by column chromatography in 69 % yield. However, the isolation of the 
4-hydroxy-4-cyclobutenone was quite tedious and we noticed that the alcohol 25a 
was prone to decompose slowly when it was stored, particularly, at room 
temperature. After the isolation and purification of the alcohol intermediate (25a), it 
was dissolved in p-xylene and heated at reflux for 4 hours to afford the ferrocenyl 
naphthaquinone derivative (26a, Figure 2.2).  
O
i-PrO OH
Fe
OCH3
OH
OH
i-PrO
O
O
i-PrO
27a
26a (53 %)
Fe
Fe
OCH3
OCH3
p-Xylene
165 oC, 4 h
i-PrO
Fe
OCH3
O
O
Li1)
3 h,   78 oC (THF)
2)  NH4Cl (aq)
23
24a
25a (69 %)
 
Figure 2.2 Synthesis of ferrocenyl naphthaquinone derivative 26a from tha isolated 
ferrocenyl alcohol 25a.   
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Surprisingly, thermolysis of ferrocenyl substituted 4-aryl-4-hyroxycyclobutenone 
(25a) even inert atmosphere (N2) furnished directly the oxidized product ferrocenyl 
naphthaquinone 26a in 58 % yield. During heating, the color of the solution slowly 
turned into deep green and the color change persisted with disappearance of the 
ferrocenyl substituted hydroxy cyclobutenone (25a) in 4 h. Thus, it was decided to 
perform the reactions open to the air to promote the oxidation of the intermediate 
hydroquinone. In order to understand whether the reaction is completed or not TLC 
was also performed. 
Because of the tedious purification processes and low stability of the reactive 
intermediate 4-aryl-4-hydroxy-4-cyclobutenone (25a), we have decided not to isolate 
this intermediate alcohol (25a). Therefore, the crude material obtained by the 
treatment of THF solution of 23 at –78 oC with 4-lithioanisole (24a) followed by an 
ammonium chloride quench, was directly dissolved in p-xylene and the resulting 
solution was heated at reflux open to the air to promote oxidation of intermediate 
hydroquinone (27a). After evaporation of p-xylene and column chromatography, 
ferrocenyl naphthaquinone (26a) was obtained in 53% overall yield. Thus, it was 
prooved that the synthetic approach without isolation of the intermediate, gave 
ferrocenyl naphthaquinone 26a in better total yield. In addition to this, a time 
consuming step was eliminated and the chemicals for the purification of the 
intermediate 25a were saved.  
To investigate the scope and limitations of this short synthetic approach to ferrocenyl 
naphthaquinone derivatives, we performed the reaction of ferrocenyl 
cyclobutenedione (23) with differently substituted aryl lithiums (24a−f) which were 
in-situ prepared (except for 24c) by the reaction of slightly excess n-BuLi with the 
corresponding aryl bromides in dry THF at −78 oC. Thermolysis of crude mixtures of 
4-aryl-4-hydroxycyclobutenones (25a−f) were completed within 4 hours and gave 
ferrocenyl naphthaquinone derivatives (26a−f) in moderate yields (44−53%). In all 
attempts, a ferrocenyl hydroquinone derivative of type 27a was not observed. 
Ferrocenyl naphthaquinone derivatives (26a-f and 28f) that have been produced by 
the synthetic methodology described above are shown in Figure 2.3.  
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Figure 2.3 Synthesis of ferrocenyl naphthaquinone derivatives (26a-f and 28f) from ferrocenyl cyclobutenones (25a-f). 
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Although, the thermal rearrangements of the 4-aryl-4-hydroxycyclobutenones 
(25d−f) are open to give two regioisomeric naphtaquinones via ring closure at two 
different positions of aryl groups, for example, α or ß in 25f, only thermolysis of one 
of the cyclobutenone derivative (25f) gave the angularly fused ferrocenyl 
naphthaquinone derivative (28f) in 11% yield along with the linearly fused derivative 
(26f) 36% yield (Figure 2.4.). 
Fe
O
OH
i-PrO O
O
Fe
O
OH
i-PrO
O
O
25f
   26f 
(36 %)
  28f 
(11%)
O
i-PrO OH
Fe
O
O
α
β
α
β
β
α
 
Figure 2.4 Synthesis of regioisomeric ferrocenyl naphthaquinone derivatives (26f  
and 28f) via electrocyclic ring closure from two different position (α and 
ß) of ferrocenyl alcohol intermediate (25f). 
To extend the scope of this study even further, we aimed to synthesize structurally 
more complex ferrocenyl naphthaquinone derivatives. The reaction of ferrocenyl 
cyclobutendione (23) with 2-lithio-9,9-dibutyl-fluorene (24g) and following thermal 
rearrangement of the intermediate hydroxycyclobutenone (25g) via ring closure at 
the 3-position of the fluorenyl moiety furnished ferrocenyl naphthaquinone 
derivative (26g) in 40% yield as a single product. A possible angularly-fused 
regioisomer (28g) which would arise upon ring closure at the 1-position of the 
fluorenyl group was not observed. From the results of these experiments, it was 
understood that for the regioselective synthesis of ferrocenyl naphthaquinone 
derivative (26g), the most important factor is the alkyl groups on the fluorene moiety 
(Figure 2.5). Similarly, the reaction between ferrocenyl cyclobutenedione (23) and 
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mono-lithio-bromofluorene derivative (24h) formed ferrocenyl naphthaquinone 
derivative (26h) with 58 % yield (Figure 2.5).  
25h
O
i-PrO OH
Fe
3
1
R R
O
O
i-PrO
Fe
R R
O
i-PrO
Fe
R RO
2)  NH4Cl (aq)
Li
R1
24g : R = Bu,  R1 = H
24h : R = Bu, R1 = Br
23
26h (58%)
2)  NH4Cl (aq)
1) 24h,THF
2.5 h, −78 oC
+
1) 24g,THF
2.5 h, −78 oC
(not isolated)
p-xylene
165 oC
Br
Br
165 oC
25g
O
i-PrO OH
Fe
3
1
R R
O
O
i-PrO
Fe
R R
O
O
i-PrO
Fe
R
R
p-xylene
26g (40%)
28g
(not isolated)
 
Figure 2.5 The reaction of ferrocenyl cyclobutendione (23) with 2-lithio-9,9-dibutyl- 
fluorene (24g) and 2-bromo-7-lithio-9,9-dibutyl-fluorene (24h). 
In order to add a new dimension to this study, we aimed to synthesize new ferrocenyl 
naphthaquinone derivatives containing two ferrocenyl moiety. In recent years, 
bimetallic systems having organic π-conjugated backbone with redox active groups 
have received considerable attention because of their unusual optoelectronic 
properties. Particularly, ferrocenyl end-capped fluorene containing molecules have 
attracted much interests [66]. Therefore, in this course, we synthesized the linearly 
fused ferrocenyl naphthaquinone 26i, albeit in 24% yield via a reaction of two 
equivalents 23 with 2,7-dilithio-9,9-diethyl-fluorene (24i) and following heating of 
the primarily formed hydroxycyclobutenone 25i (Figure 2.6).  
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Figure 2.6 Synthesis of ferrocenyl naphthaquinone derivative (26i). 
Altogether these results imply that, alkyl groups on the fluorene moiety play a 
pivotal role on the regioselective formation of the naphthaquinone products by 
suppressing ring closure at the electronically more favored 1-position. 
Furthermore, in order to extend the scope of  this study,  a bis(ferrocenyl 
naphthaquinone) derivative (26j) was obtained in 39 % yield by the reaction of 
ferrocenyl cyclobutenedione (23) with 4,4′-dilithiobiphenyl and subsequent 
thermolysis of the intermediate hydroxycylobutenones (25j) in p-xylene for 3.5 
hours (Figure 2.7). 
165 oC
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O
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Fe
O
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Figure 2.7 Synthesis of bis(ferrocenyl naphthaquinone) 26j derivative. 
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3.  CONCLUSION 
In conclusion, a highly efficient and practical methodology has been applied for the 
first time to elaborate variously substituted ferrocenyl naphthaquinone derivatives. 
As expected, ferrocenyl cyclobutenedione derivative (23) derived from squaric acid 
gave the desired naphthaquinones upon thermolysis. In this study, molecular 
complexity of ferrocenyl naphthaquinones has been provided upon treatment of 
different aryl lithiums with 3-isopropoxy-4-ferrocenyl-3-cyclobutene-1,2-dione (23). 
In one case, the thermal rearrangement of 4-aryl-4-cyclobutenone (25f) gave two 
regioisomeric naphthaquinone (26f and 28f) via ring closure at two different 
positions (α or ß) of the aryl group.  
The study was extended by employing 2,7-dilithio-9,9-diethyl-fluorene and 2-lithio-
9,9-dibutyl-fluorene to achieve oligocyclic ferrocenyl naphtaquinones (26g and 26i). 
The thermal rearrangement of unsymmetrical fluorene substituted 
hydroxycyclobutenone (such as; 25g) was expected to led the formation of two 
regioisomeric structures (26g and 28g) via ring closure at two different positions (1 
or 3) of the fluorenyl group. However, the reactions with fluorene substituted 
hydroxycyclobutenone derivatives (25g-i) gave only linearly fused quinone 
structures (26g-i). In all attempts, corresponding angular analogs of the fluorene 
substituted quinones have never been observed. 
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4.  EXPERIMENTAL 
4.1 General spectroscopic datas for naphthaquinone derivatives (26a−j):  
Nuclear Magnetic Resonance (1H and 13C) spectra were recorded on a Bruker AM 
250 (250 MHz for 1H-NMR and 62.9 MHz for 13C-NMR) and a Bruker Spectrospin 
Avance DPX400 Ultrashield (400 MHz for1H-NMR and 100.59 MHz for 13C 
NMR) spectrometer. Chemical shifts are reported in parts per million (δ) 
downfield from an internal tetramethylsilane reference. Coupling constants (J 
values) are reported in hertz (Hz), and spin multiplicities  are  indicated  by  the  
following  symbols:  s  (singlet),  d (doublet), t (triplet), q (quartet), m (multiplet). 
DEPT 13C-NMR (Distortionless Enhancement by Polarization Transfer) information 
is given in parenthesis as Cquat, CH, CH2 and CH3. Infrared spectra were recorded 
on a NICOLET 6700 Series FT-IR spectrometer. Band intensities are reported 
relative to the  most intense band and are listed as: br (broad), vs (very strong), s 
(strong), m (medium), w (weak), vw (very weak). Mass spectra (MS) were 
obtained on an Agilent 6890 GC (5973N Mass Selective Detector) GC/ MS ve 
Thermo LCQ-Deca Ion Trap Mass. Column chromatography was performed using 
Merck Silica 60 (200−400 or 70−230 mesh). Routine thin layer chromatography 
(TLC) was effected by using precoated 0.25 mm silica gel plates purchased from 
Merck. The relative proportions of solvents in mixed chromatography solvents 
refers to the  volume: volume  ratio. All commercially available reagents and 
reactants were  obtained in reagent grade and used without purification. All 
reaction solvents were distilled for purity. Diethyl ether and THF were distilled 
from  sodium/ benzophenone  kettle. Aryl bromides; 2-bromo-9,9-dibutyl-fluorene 
[67], 2,7-dibromo-9,9-dibutyl-fluorene [67], and 2,7-dibromo-9,9-diethyl-fluorene 
[68] were synthesized according to the known procedures from literature.  
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4.2 General procedure for the synthesis of ferrocenyl naphthaquinones (26a-j). 
To a solution of arylbromide (24a or 24c-g, 1 eq) in THF at -78oC under nitrogen, n-
BuLi (1.1, 1.35 or 2.4 eq. of a 1.6 M of hexane solution) was added via syringe in 15 
minutes. The resulting mixture was stirred at -78oC for 1 hour and then transferred 
via cannula to a solution of 3-isopropoxy-4-ferrocenyl-3-cyclobutene-1,2-dione (23, 
1.1 or 2.2 eq.) in THF at -78oC under nitrogen atmosphere. After stirring 2.5 hours 
at -78oC, the reaction mixture was quenched with 10% NH4Cl (30 ml) solution at -
78oC and then allowed to warm tor t. The mixture diluted with ether ( 100 ml) and 
the organic layer was separated. The aqueous layer was extracted with ether (2x50 
ml). The combined organic layers were dried over Na2SO4 and filtered. The solution 
concentrated in a rotary evaporator and the remaining crude material was dissolved 
in p-xylene. The resulting solution was heated at reflux open to the air in a preheated 
oil bath (165oC) for 4 hours. After removal of the p-xylene in a rotary evaporator, 
the residue was dissolved in 50 ml ether and 3 g of silica gel was added into the 
solution. The solution again was concentrated in a rotary evaporator and the green 
solid residue was subjected to the chromatography on silica gel. 
4.2.1 3-Ferrocenyl-2-isopropoxy-6-methoxynaphthalene-1,4-dione (26a). 
According to general procedure, to a solution of 
4-bromoanisole (0.3g, 1.60 mmol, 1.0 eq.) in 
THF (10 ml) at -78oC under nitrogen, n-BuLi 
(1.35 ml of a 1.6 M of hexane solution, 2.16 
mmol, 1.35 eq.) was added. The resulting mixture 
was stirred at -78oC for 1 hour and then 
transferred to a solution of 3-isopropoxy-4-
ferrocenyl-3-cyclobutene-1,2-dione (23, 570 mg, 1.76 mmol, 1.1 eq.) in THF (10 ml) 
at -78oC under nitrogen atmosphere. After stirring 2.5 hours at -78oC and work-up, 
the crude alcohol 25a was heated at reflux in p-xylene (50 ml) for 4 hours. The crude 
product was obtained as described in the general procedure and then subjected to the 
chromatography on silica gel using 4:1 hexane/ ethyl acetate as eluent. A single 
fraction (Rf = 0.736, 4:1 hexane/ethyl acetate) was obtained to yield 26a (m.p. 134-
135 0C, 362 mg, 53%, green solid). 1H NMR (250 MHz, CDCl3): δ = 1.28 (d, J = 6.0 
Hz, 6 H, i-PrO), 3.97 (s, 3 H, OCH3), 4.12 (s, 5 H, Fc), 4.50 (s, 2 H, Fc), 4.90 (p, J = 
O
O
i-PrO
26a
Fe
OCH3
 23
6.0 Hz, 1 H, i-PrO), 5.17 (s, 2 H, Fc), 7.16 (d, J = 8.47 Hz, 1 H, Ph), 7.57 (s, 1 H, 
Ph), 8.00 (d, J = 8.66 Hz, 1 H, Ph); 13 C NMR (62.9 MHz, CDCl3, DEPT): δ = 22.85 
(+, i-PrO), 55.90 (+, OCH3), 69.95 (+, Fc), 70.08 (+, Fc), 72.63 (+, Fc), 74.72 (Cquat., 
Fc), 76.38 (+,i-PrO), 109.96 (+, Ph), 119.80 (+, Ph), 125.05 (Cquat.), 128.25 (+, Ph), 
135.01 (Cquat.), 135.45 (Cquat.), 154.96 (Cquat.), 164.05 (Cquat.), 180.24 (C=O), 184.61 
(C=O); IR (ATR): ν̃ = 2970, 2929, 1652, 1600, 1582, 1553, 1496, 1464, 1441, 1349, 
1332, 1234, 1207, 1176, 1098, 1000, 903, 881, 806 cm −1; MS (70 eV, EI), m/z (%):  
431 (12) [M +], 430 (42), 388 (100), 295 (18), 281 (23), 207 (87), 121 (29), 73 (68). 
C24H22O4Fe (430.33): calculated; C 66.98, H 5.15; found; C 66.83, H 5.13. 
4.2.2 2-Ferrocenyl-3-isopropoxynaphthalene-1,4-dione (26b). 
To a solution of 3-isopropoxy-4-ferrocenyl-3-cyclobutene-
1,2-dione (23, 1g, 3.07 mmol, 1.0 eq.) in THF (10 mL) at -
78oC under nitrogen atmosphere, PhLi (2.57 mL of a 
solution of a 1.8 M of dibutylether solution, 4.61 mmol, 
1.5 eq.) was added. After stirring 2.5 hours at -78oC, the 
reaction mixture was quenched with 10% NH4Cl (30 mL) 
solution at -78oC and then allowed to warm to rt. The 
mixture diluted with ether (100 mL) and the organic layer was separated. The 
aqueous layer was extracted with ether (2x 50 mL). The combined organic layers 
were dried over Na2SO4 and filtered. The solution concentrated in a rotary evaporator 
and the remaining crude material was dissolved in 30 mL p-xylene. The resulting 
solution was heated at reflux open to the air in a preheated oil bath (165 oC) for 4 
hours. After removal of the p-xylene in a rotary evaporator, the residue was dissolved 
in 50 mL ether and 3 g of silica gel was added into the solution. The solution again 
was concentrated in a rotary evaporator and the gren solid residue was subjected to 
the chromatography on silica gel using 4:1 hexane/ethyl acetate as eluent. A single 
fraction (Rf = 0.805, 4:1 hexane/ethyl acetate) was obtained to yield 26b (m.p. 107 
0C, 0.55 g, 45%, green solid). 1H-NMR (250MHz, CDCl3): δ 1.29 (d, J = 6.12 Hz, 6 
H, 2 x iPrO [CH3]), 4.12 (s, 5 H, Fc), 4.52 (s, 2 H, Fc), 4.84−4.94 (m, 1 H, iPrO 
[CH]), 7.66−7.75 (m, 2H, Ar), 8.05−8.13 (m, 2H, Ar); 13C-NMR (62.9MHz, CDCl3): 
δ 22.84 (2x CH3, iPrO), 70.04 (5x CH, Fc), 70.35 (2x CH, Fc), 72.84 (2x CH, Fc), 
74.53 (Cquat, Fc), 76.27 (CH, iPrO), 125.78 (CH, Ar), 126.51 (CH, Ar), 131.58 
O
O
i-PrO
26b
Fe
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(Cquat), 132.89 (Cquat), 133.17 (CH, Ar), 133.46 (CH, Ar), 136.27 (Cquat), 154.61 
(Cquat), 181.08 (Cquat, C=O), 184.67 (Cquat, C=O); IR (ATR): ν̃ = 2975 (w), 2926 (w), 
1651 (vs), 1591 (s), 1552 (s), 1439 (m), 1384 (m), 1341 (s), 1292 (s), 1198 (s), 1099 
(s), 998 (vs), 804 (vs); Ms (70eV, API-ES) m/z (%): 401 (72) [M++1], 400 (100) 
[M+], 359 (33), 358 (40), 271 (17), 230 (29), 200 (14), 149 (5); HRMS [TOF MS 
ES+]: m/z [M]+ calcd. for C23H20O3Fe 400.0762, found 400.0761 (0.2 ppm).  
4.2.3 6-Bromo-3-ferrocenyl-2-isopropoxynaphthalene-1,4-dione (26c).  
According to the general procedure, to a solution of 1,4-
dibromobenzene (0.662 g, 2.80 mmol, 1.0 eq.) in THF 
(10 mL) at -78oC under nitrogen, n-BuLi (1.92 mL of a 
solution of 1.6 M of hexane solution, 3.07 mmol, 1.1 
eq.) was added. The resulting mixture was stirred at -
78oC for 1 hour and then transferred to a solution of 3-
isopropoxy-4-ferrocenyl-3-cyclobutene-1,2-dione (23, 1 
g, 3.07 mmol, 1.1 eq.) in THF (10 mL) at -78oC under nitrogen atmosphere. After 
stirring 2.5 hours at -78oC and work-up, the crude alcohol 25c was heated at reflux in 
p-xylene (30 mL) for 4 hours. The crude product was obtained as described in the 
general procedure and then subjected to the chromatography on silica gel using 4:1 
hexane/ethyl acetate as eluent to. A single fraction (Rf = 0.698, 4:1 hexane/ethyl 
acetate) was obtained yield 26c (m.p. 152 0C, 0.66 g, 49 %, green solid). 1H-NMR 
(250MHz, CDCl3): δ 1.29 (d, J = 6.12 Hz, 6 H, 2x iPrO [CH3]), 4.13 (s, 5 H, Fc), 
4.56 (s, 2 H, Fc), 4.86−4.95 (m, 1 H, iPrO [CH]), 5.20 (s, 2 H, Fc), 7.79−7.93 (m, 2 
H, Ar), 8.23 (s, 1H, Ar); 13C-NMR (62.9MHz, CDCl3): δ = 22.85 (2 x CH3, iPrO), 
70.12 (5 x CH, Fc), 70.54 (2x CH, Fc), 72.87 (2 x CH, Fc), 74.34 (Cquat, Fc), 76.49 
(CH, iPrO), 127.47 (CH, Ar), 128.90 (Cquat), 129.61 (CH, Ar), 130.20 (Cquat), 133.96 
(Cquat), 136.13 (CH, Ar), 136.33 (Cquat), 154.57 (Cquat), 180.17 (Cquat; C=O), 183.37 
(Cquat; C=O); IR (ATR): ν ̃ = 2961 (w), 2924 (w), 1725 (w), 1645 (vs), 1580 (m), 
1542 (s), 1461 (w), 1382 (w), 1339 (m), 1290 (vs), 1248 (s), 1211 (s), 1196 (s), 1102 
(s), 1090 (m), 1003 (vs), 908 (m), 921 (m), 810 (s), 802 (s), 744 (vs); Ms (70eV, 
API-ES) m/z (%): 481 (55) [M++1], 480 (100) [M+], 479 (47), 478 (91), 476 (10), 
459(21), 458 (11), 457 (14), 436 (9), 413 (5). 
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4.2.4 2-Ferrocenyl-3-isopropoxy-6,7-dimethoxynaphthalene-1,4-dione (26d). 
According to the general procedure, to a solution of 4-
Bromoveratrole (o.61 g, 2.79 mmol, 1.0 eq.) in THF 
(10 mL) at -78oC under nitrogen, n-BuLi (2.36 mL of a 
1.6 M of hexane solution, 3.78 mmol, 1.35 eq.) was 
added. The resulting mixture was stirred at -78oC for 1 
hour and then transferred to a solution of 3-
isopropoxy-4-ferrocenyl-3-cyclobutene-1.2-dione (23, 
1 g, 3.07 mmol, 1.1 eq.) in THF (10 mL) at -78oC under nitrogen atmosphere. After 
stirring 2.5 hours at -78oC and work-up, the crude alcohol 25d was heated at reflux in 
p-xylene (30 mL) for 4 hours. The crude product was obtained as described in the 
general procedure and then subjected to the chromatography on silica gel using 4:1 
hexane/ethyl acetate as eluent. A single fraction (Rf = 0.438, 4:1 hexane/ethyl 
acetate) was obtained to yield 26d (m.p. 152-154 0C, 0.69 g, 48 %, green solid). 1H-
NMR (250MHz, CDCl3): δ 1.28 (d, J = 6.12 Hz, 6 H, 2 x iPrO [CH3]), 4.02 (s, 3 H, 
OCH3), 4.05 (s, 3 H, OCH3), 4.15 (s, 5 H, Fc), 4.53 (s, 2 H, Fc), 4.79−4.84 (m, 1 H, 
iPrO [CH]), 5.20 (s, 2 H, Fc), 7.49 (s, 1 H, Ar), 7.54 (s, 1H, Ar); 13C-NMR 
(62.9MHz, CDCl3): δ = 22.80 (2 x CH3, iPrO), 56.38 (2 x OCH3), 69.93 (5 x CH, 
Fc), 70.09 (2 x CH, Fc), 72.68 (2 x CH, Fc), 74.79 (Cquat, Fc), 76.19 (CH, iPrO), 
107.3 (CH, Ar), 108.2 (CH, Ar), 125.9 (Cquat), 127.5 (Cquat), 135.30 (Cquat), 153.0 
(Cquat), 153.3 (Cquat), 154.4 (Cquat), 180.4 (Cquat; C=O), 184.1 (Cquat; C=O); IR (ATR): 
ν ̃ = 2962 (w), 2936 (w), 1656 (s), 1648 (s), 1583 (s), 1567 (s), 1512 (s), 1449 (m), 
1464 (s), 1370 (m), 1316 (s), 1302 (s), 1259 (m), 1242 (m), 1192 (m), 1157 (m), 
1096 (s), 1057 (w), 1014 (w), 982 (w), 884 (w), 745 (s); Ms (APCI) m/z (%): 461 
(100) [M++1], 431 (20), 418 (45), 411 (14), 371 (10), 279 (46), 117 (43), 97 (22). 
4.2.5 6-Ferrocenyl-7-isopropoksynaphto[2,3-d][1,3]dioxole-5,8-dione (26e). 
According to the general procedure, to a solution of 4-Bromo-1,2-
(methylenedioxy)benzene (1.1 g, 5.47 mmol, 1.0 eq.) in THF (10 mL) at -78oC under 
nitrogen, n-BuLi (4.6 mL of a 1.6 M of hexane solution, 7.38 mmol, 1.35 eq.) was 
added. The resulting mixture was stirred at -78oC for 1 hour and then transferred to a 
solution of 3-isopropoxy-4-ferrocenyl-3-cylobutene-1,2-dione (23, 1.96 g, 6.02 
mmol, 1.1 eq.)in THF (20 mL) at -78oC under nitrogen atmosphere. After stirring 2.5 
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hours at -78oC and work-up, the crude alcohol 25e 
was heated at reflux in p-xylene (45 mL) for 4 
hours. The crude product was obtained as described 
in the general procedure and then subjected to the 
chromatography on silica gel using 4:1 
hexane/ethyl acetate as eluent. A single fraction (Rf 
= 0.570, 4:1 hexane/ethyl acetate) was obtained to 
yield 26e (m.p. 152 0C, 1.08 g, 44 %, green solid). 1H-NMR (250MHz, CDCl3) : δ 
1.27 (d, J = 6.14 Hz, 6 H, 2 x iPrO [CH3]), 4.12 (s, 5 H, Fc), 4.51 (s, 2 H, Fc), 
4.79−4.84 (m, 1 H, iPrO [CH]), 5.16 (s, 2 H, Fc), 6.12 (s, 2 H, CH2), 7.44 (s, 1 H, 
Ar), 7.50 (s, 1 H, Ar); 13C-NMR (62.9MHz, CDCl3): δ = 22.80 (2 x CH3, iPrO), 
69.99 (5 x CH, Fc), 70.21 (2 x CH, Fc), 72.72 (2 x CH, Fc), 74.70 (Cquat, Fc), 76.25 
(CH, iPrO), 102.44 (CH2), 105.28 (CH, Ar), 106.19 (CH, Ar), 128.25 (Cquat), 129.93 
(Cquat), 135.34 (Cquat), 151.82 (Cquat), 152.12 (Cquat), 154.15 (Cquat), 180.0 (Cquat; 
C=O), 183.59 (Cquat; C=O); IR (ATR): ν ̃ = 2961(w), 2929 (w), 1639 (s), 1596 (s), 
1569 (s), 1508 (m), 1477 (s), 1449 (m), 1403 (m), 1380 (m), 1301 (s), 1254 (s), 1214 
(w), 1141 (m), 1102 (m), 1061 (m), 1027 (s), 997 (s), 923 (m), 882 (m), 809 (s), 741 
(s); Ms (ES, 70 eV) m/z (%): 445 (42) [M++1], 444 (100) [M+], 424 (29), 413 (67), 
392 (23), 301 (20), 283 (39), 236 (36), 214 (19); HRMS [TOF MS ES+]: m/z [M]+ 
calcd. for C24H20O5Fe 444.0660, found 444.0657 (0.7 ppm).  
4.2.6 7-Ferrocenyl-2,3-dihydro-8-isopropoxynaphtho[2,3-b][1,4]dioxine-6,9-dione 
(26f) and 9-Ferrocenyl-2,3-dihydro-8-isopropoxynaphtho[2,1-b][1,4]dioxine-7,10-
dione (28f). 
According to the general 
procedure, to a solution of 6-
bromo-1,4-benzodioxane (0.60 
g, 2.79 mmol, 1.0 eq.) in THF 
(10 mL) at -78oC under 
nitrogen, n-BuLi (2.36 mL of a 
1.6 M of hexane solution, 3.78 
mmol, 1.35 eq.) was added. The resulting mixture was stirred at -78oC for 1 hour and 
then transferred to a solution of 3-isopropoxy-4-ferrocenyl-3-cyclobutene-1,2-dione 
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(23, 1 g, 3.07 mmol, 1.1 eq.) in THF (10 mL) at -78oC under nitrogen atmosphere. 
After stirring 2.5 hours at -78oC and work-up, the crude alcohol 25f was heated at 
reflux in p-xylene (30 mL) for 4 hours. The crude product was obtained as described 
in the general procedure and then subjected to the chromatography on silica gel using 
4:1 hexane/ethyl acetate as eluent. Two fractions (26f: Rf = 0.388 and 28f: Rf = 
0.250, 4:1 hexane/ethyl acetate) were obtained to yield 26f (m.p. 134 0C, 0.51 g, 40 
%, green solid) and 28f (m.p. 171 0C, 0.16 g, 13 %, green solid). (26f): 1H-NMR 
(250MHz, CDCl3): δ = 1.27 (d, J = 6.1 Hz, 6 H, 2x iPrO [CH3]), 4.12 (s, 5 H, Fc), 
4.35 (s, 4 H, 2 x CH2), 4.51 (s, 2 H, Fc), 4.81−4.85 (m, 1 H, iPrO [CH]), 5.19 (s, 2 H, 
Fc), 7.52 (s, 1 H, Ar), 7.56 (s, 1 H, Ar); 13C-NMR (62.9MHz, CDCl3): δ = 22.79 (2x 
CH3, iPrO), 64.53 (CH2), 64.59 (CH2), 70.14 (5 x CH, Fc), 70.30 (2 x CH, Fc), 72.90 
(2 x CH, Fc), 74.98 (Cquat, Fc), 76.15 (CH, iPrO), 115.13 (CH, Ar), 115.95 (CH, Ar), 
126.43 (Cquat), 127.99 (Cquat), 135.93 (Cquat), 147.82 (Cquat), 148.14 (Cquat), 154.69 
(Cquat), 180.15 (Cquat; C=O), 183.70 (Cquat; C=O); IR (ATR): ν ̃ = 976 (w), 1650 (s), 
1595 (s), 1539 (s), 1496 (m), 1438 (m), 1382 (m), 1349 (m), 1317 (s), 1292 (s), 1255 
(s), 1190 (w), 1162 (m), 1143 (w), 1102 (m), 1022 (m), 1000 (m), 925 (w), 888 (s), 
734 (s); Ms (70eV, API-ES) m/z (%): 460 (28) [M++2], 459 (93) [M++1], 458 (100) 
[M+], 457 (88), 417 (21), 416 (16), 314 (46), 286 (32), 258 (22), 230 (77), 219 (21), 
163 (29), 149 (14); HRMS [TOF MS ES+]: m/z [M]+ calcd. for C25H22O5Fe 
458.0817, found 458.0809 (1.7 ppm).  
(28f): 1H-NMR (250MHz, CDCl3): δ = 1.27 (d, J = 6.17 Hz, 6 H, 2x iPrO [CH3]), 
4.15 (s, 5 H, Fc), 4.28−4.49 [m, 6 H, Fc (2H); 2x CH2], 4.80−4.85 (m, 1 H, iPrO 
[CH]), 5.21 (s, 2 H, Fc), 7.11 (d, J = 8.4 Hz, 1 H, Ar); 13C-NMR (62.9MHz, CDCl3): 
δ = 21.76 (2 x CH3, iPrO), 63.15 (CH2), 63.53 (CH2), 68.96 (5 x CH, Fc), 69.16 (2 x 
CH, Fc), 71.61 (2 x CH, Fc), 73.71 (Cquat, Fc), 74.74 (CH, iPrO), 119.30 (CH, Ar), 
120.06 (CH, Ar), 121.13 (Cquat), 125.28 (Cquat), 136.25 (Cquat), 142.58 (Cquat), 148.07 
(Cquat), 151.97 (Cquat), 179.35 (Cquat; C=O), 183.44 (Cquat; C=O); IR (ATR): ν ̃ = 2974 
(w), 2929 (w), 1655 (s), 1597 (w), 1578 (s), 1482 (m), 1455 (m), 1429 (m), 1375 (w), 
1342 (w), 1279 (s), 1211 (s), 1174 (m), 1140 (w), 1104 (s), 1092 (s), 1002 (s), 972 
(w), 957 (m), 901 (s), 841 (m), 806 (s), 765 (s); Ms (70eV, API-ES) m/z (%): 460 
(26) [M++2], 459 (100) [M++1], 458 (55) [M+], 457 (25), 416 (23), 258 (63); HRMS 
[TOF MS ES+]: m/z [M]+ calcd. for C25H22O5Fe 458.0817, found 458.0820 (0.7 
ppm). 
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4.2.7 11,11-Dibutyl-7-ferrocenyl-8-isopropoxy-11H-benzo[b]fluorene-6,9-dione 
(26g). 
According to the general procedure, to a solution 
of 2-Bromo-9,9-dibutyl-fluorene (2 g, 5.6 mmol, 
1.0 eq.) in THF (30 mL) at -78oC under nitrogen, 
n-BuLi (4.84 mL of a 1.6 M of hexane solution, 
7.73 mmol, 1.38 eq.) was added. The resulting 
mixture was stirred at -78oC for 1 hour and then 
transferred to a solution of 3-isopropoxy-4-
ferrocenyl-3-cyclobetene-1,2-dione (23, 2 g, 6.16 mmol, 1.1 eq.) in THF (30 mL) at -
78oC under nitrogen atmosphere. After stirring 2.5 hours at -78oC and work-up, the 
crude alcohol 25g was heated at reflux in p-xylene (60 mL) for 4 hours. The crude 
product was obtained as described in the general procedure and then subjected to the 
chromatography on silica gel using 4:1 hexane/ethyl acetate as eluent. A single 
fraction (Rf = 0.781, 4:1 hexane/ethyl acetate) was obtained to yield 26g (m.p. 174 
0C, 1.34 g, 40 %, green solid). 1H-NMR (250MHz, CDCl3): δ = 0.54−0.69 (m, 10 H, 
2 x CH3, 2 x CH2), 1.04−1.13 (m, 4 H, 2 x CH2), 1.32 (d, J = 6.14 Hz, 6 H, 2 x iPrO 
[CH3]), 2.01−2.09 (m, 4 H, 2 x CH2), 4.16 (s, 5 H, Fc), 4.53 (s, 2 H, Fc), 4.88−4.93 
(m, 1 H, iPrO [CH]), 5.21 (s, 2 H, Fc), 7.41−7.43 (m, 3 H, Ar), 7.87−7.90 (m, 1 H, 
Ar), 8.03 (s, 1 H, Ar), 8.42 (s, 1 H, Ar); 13C-NMR (62.9 MHz, CDCl3): δ = 13.83 (2 
x CH3), 22.96 (2 x CH3, iPrO [CH3]), 22.96 (2 x CH2), 26.00 (2 x CH2), 39.94 (2 x 
CH2), 55.88 (Cquat), 70.05 (5 x CH, Fc), 70.23 (2 x CH, Fc), 72.84 (2 x CH, Fc), 
74.83 (Cquat, Fc), 76.42 (CH, iPrO), 117.80 (CH, Ar), 120.21 (CH, Ar), 121.28 (CH, 
Ar), 123.12 (CH, Ar), 127.41 (CH, Ar), 129.06 (CH, Ar), 130.52 (Cquat), 132.85 
(Cquat), 135.92 (Cquat), 139.40 (Cquat), 146.61 (Cquat), 151.72 (Cquat), 155.03 (Cquat), 
156.07 (Cquat), 181.40 (Cquat; C=O), 185.08 (Cquat; C=O); IR (ATR): ν ̃ = 2957 (w), 
2927 (w), 2857 (w), 1654 (s), 1602 (m), 1561 (m), 1448 (w), 1381(w), 1365 (w), 
1320 (s), 1300 (s), 1284 (s), 1234 (w), 1244 (w), 1202 (m), 1184 (w), 1166 (w), 1097 
(s), 1085 (s), 1054 (w), 1016 (s), 937 (w), 906 (w), 812 (m), 743 (s); Ms (APCI) m/z 
(%): 601 (100) [M++1], 559 (40), 551 (12), 494 (10), 393 (6), 305 (5), 281 (6); 
HRMS [TOF MS ES+]: m/z [M]+ calcd. for C38H40O3Fe 600.2327, found 600.2322 
(0.8 ppm).  
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4.2.8 2-Bromo-11,11-dibutyl-7-ferrocenyl-8-isopropoxy-11H-benzo[b]fluorene-6,9-
dione (26h). 
According to the general procedure, to a 
solution of 2,7-dibromo-9,9-dibutyl-fluorene 
(0.73 g, 1.67 mmol, 1.0 eq.) in THF (15 mL) 
at -78oC under nitrogen, n-BuLi (1.25 mL of 
a 1.6 M of hexane solution, 2.01 mmol, 12 
eq.) was added. The resulting mixture was 
stirred at -78oC for 1 hour and then 
transferred to a solution of 3-isopropoxy-4-
ferrocenyl-3-cyclobutene-1,2-dione (23, 0.6 g, 1.84 mmol, 1.1 eq.) in THF (15 mL) 
at -78oC under nitrogen atmosphere. After stirring 2.5 hours at -78oC and work-up, 
the crude alcohol 25h was heated at reflux in p-xylene (30 mL) for 4 hours. The 
crude product was obtained as described in the general procedure and then subjected 
to the chromatography on silica gel using 4:1 hexane/ethyl acetate as eluent. A single 
fraction (Rf = 0.777, 4:1 hexane/ethyl acetate) was obtained to yield 26h (m.p. 116 
0C, 0.7 g, 62 %, green solid). 1H-NMR (250MHz, CDCl3): δ = 0.57−0.68 (m, 10 H, 2 
x CH3, 2 x CH2), 1.06−1.11 (m, 4 H, 2 x CH2), 1.32 (d, J = 6.08 Hz, 6 H, 2 x iPrO 
[CH3]), 2.01−2.06 (m, 4 H, 2 x CH2), 4.16 (s, 5 H, Fc), 4.54 (s, 2 H, Fc), 4.89−4.92 
(m, 1 H, iPrO [CH]), 5.21 (s, 2 H, Fc), 7.53−7.76 (m, 3 H, Ar), 8.02 (s, 1 H, Ar), 
8.39 (s, 1 H, Ar); 13C-NMR (62.9 MHz, CDCl3): δ = 13.71 (2 x CH3), 22.90 (2 x 
CH3, iPrO [CH3]), 22.90 (2 x CH2), 25.97 (2 x CH2), 39.85 (2 x CH2), 56.20 (Cquat), 
70.21 (5 x CH, Fc), 70.44 (2 x CH, Fc), 72.98 (2 x CH, Fc), 74.89 (Cquat, Fc), 76.42 
(CH, iPrO), 117.89 (CH, Ar), 120.25 (CH, Ar), 122.53 (CH, Ar), 123.38 (Cquat), 
126.48 (CH, Ar), 130.74 (CH, Ar), 130.82 (Cquat), 132.98 (Cquat), 136.04 (Cquat), 
138.41 (Cquat), 145.38 (Cquat), 153.83 (Cquat), 154.97 (Cquat), 155.60 (Cquat), 181.20 
(Cquat; C=O), 184.83 (Cquat; C=O) [(CH, iPrO) carbon peak is under chloroform 
peaks]; IR (ATR): ν̃ = 2955 (w), 2926 (w), 2857 (w), 1652 (s), 1600 (s), 1549 (m), 
1443 (m), 1407 (w), 1313 (vs), 1289 (vs), 1270 (m), 1199 (m), 1165 (m), 1098 (s), 
1016 (vs), 898 (m), 819 (s), 730 (s); Ms (APCI) m/z (%): 681 (100) [M++2], 601 (12) 
[M++2 − Br]; HRMS [TOF MS ES+]: m/z [M]+ calcd. for C38H39O3FeBr 678.1432, 
found 678.1426 (0.9 ppm).  
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4.2.9 12,12-Diethyl-7,8-diferrocenyl-2,9-diisopropoxy-12H-dibenzo[b,h]fluorene-
1,4,7,10-tetrone (26i). 
According to the general procedure, 
to a solution of 2,7-dibromofluorene 
(0.405 g, 1.06 mmol, 1.0 eq.) in THF 
(15 mL) at -78oC under nitrogen, n-
BuLi (1.6 mL of a 1.6 M of hexane 
solution, 2.54 mmol, 2.4 eq.) was 
added. The resulting mixture was 
stirred at -78oC for 1 hour and then 
transferred to a solution of 3-
isopropoxy-4-ferrocenyl-3-cyclobutene-1,2-dione (23, 0.83 g, 2.54 mmol, 2.4 eq.) in 
THF (15 mL) at -78oC  under nitrogen atmosphere. After stirring 2.5 hours at -78oC  
and work-up, the crude alcohol 25i was heated at reflux in p-xylene (30 mL) for 4 
hours. The crude product was obtained as described in the general procedure and 
then subjected to the chromatography on silica gel using 4:1 hexane/ethyl acetate as 
eluent. A single fraction (Rf = 0.666, 4:1 hexane/ethyl acetate) was obtained to yield 
26i (m.p. 130 0C, 223 mg, 24 %, green solid). 1H-NMR (400MHz, CDCl3): δ = 0.29 
(t, J = 7.3 Hz, 6 H, 2 x CH3), 1.25 (d, J = 6.16 Hz, 12 H, 4 x iPrO [CH3]), 2.13 (q, J 
= 7.3 Hz, 4 H, 2 x CH2), 4.09 (s, 10 H, 2 x Fc [5H]), 4.49 (s, 4 H, 2 x Fc [2H]), 
4.82−4.84 (m, 2 H, 2x iPrO [CH]), 5.17 (s, 4 H, 2 x Fc [2H]), 8.01 (s, 2 H, Ar), 8.56 
(s, 2 H, Ar); 13C-NMR (100.59MHz, CDCl3): δ = 7.60 (2 x CH3), 21.90 (2 x CH3, 
iPrO [CH3]), 31.45 (2 x CH2), 56.90 (Cquat), 69.10 (5 x CH, Fc), 69.45 (2 x CH, Fc), 
71.94 (2 x CH, Fc), 73.64 (Cquat, Fc), 75.42 (CH, iPrO), 118.4 (CH, Ar), 119.47 (CH, 
Ar), 130.80 (Cquat), 132.20 (Cquat), 135.47 (Cquat), 145.86 (Cquat), 153.87 (Cquat), 
154.93 (Cquat), 180.04 (Cquat; C=O), 183.34 (Cquat; C=O); IR (ATR): ν ̃ = 2964 (w), 
2929 (w), 1758 (w), 1656 (s), 1602 (s), 1548 (s), 1440 (m), 1381 (m), 1290 (s), 1245 
(m), 1213 (s), 1190 (m), 1169 (m), 1095 (s), 1084 (s), 1065 (m), 940 (w), 903 (s), 
804 (s), 730 (s). Ms (APCI) m/z (%): 867 (100) [M++1]; HRMS [TOF MS ES+]: m/z 
[M]+ calcd. for C51H460O6Fe2 866.1993, found 866.2028 (4.0 ppm).  
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4.2.10 6,6’-Bis(3-ferrocenyl-2-isopropoxynaphthalene-1,4-dione) (26j). 
According to the general procedure, to 
a solution of 4,4’-Dibromobiphenyl 
(0.48 g, 1.54 mmol, 1.0 eq.) in THF 
(20 mL) at -78oC under nitrogen, n-
BuLi (1.93 mL of a 1.6 M of hexane 
solution, 3.08 mmol, 2.0 eq.) was 
added. The resulting mixture was stirred at -78oC for 1 hour and then transferred to a 
solution of 3-isopropoxy-4-ferrocenyl-3-cyclobutene-1,2-dione (23, 1.0 g, 3.08 
mmol, 2.0 eq.) in THF (20 mL) at -78oC under nitrogen atmosphere. After stirring 
2.5 hours at -78oC and work-up, the crude alcohol 25j was heated at reflux in p-
xylene (30 mL) for 4 hours. The crude product was obtained as described in the 
general procedure and then subjected to the chromatography on silica gel using 4:1 
hexane/ethyl acetate as eluent. A single fraction (Rf = 0.555, 4:1 hexane/ethyl 
acetate) was obtained to yield 26j (m.p. 118 0C, 0.541 g, 44 %, green solid). 1H-
NMR (250MHz, CDCl3) : δ 1.32 (d, J = 6.09 Hz, 6 H, 2 x iPrO [CH3]), 4.16 (s, 10 
H, 2x Fc [5H]), 4.57 (s, 4 H, 2x Fc [2H]), 4.92−4.97 (m, 2 H, 2 x iPrO [CH]), 5.24 
(s, 4 H, 2x Fc [2H]), 8.02−8.22 (AB system, δA =8.20, δB =8.04, JAB = 7.9 Hz, 2 H, 
Ar), 8.47 (s, 2 H, 2 x Ar); 13C-NMR (62.9MHz, CDCl3): δ = 22.88 (4x CH3, iPrO), 
70.12 (10 x CH, Fc), 70.52 (4 x CH, Fc), 72.90 (4 x CH, Fc), 74.53 (2 x Cquat, Fc), 
76.45 (2 x CH, iPrO), 125.28 (2 x CH, Ar), 126.82 (2 x CH, Ar), 131.25 (2 x Cquat), 
131.56 (2 x Cquat), 133.48 (2x Cquat), 136.60 (2x Cquat), 144.13 (2 x Cquat), 154.84 (2 x 
Cquat), 180.51 (2 x Cquat; C=O), 184.31 (2 x Cquat; C=O); IR (ATR): ν ̃ = 2972 (w), 
2928 (w), 1758 (w), 1649 (s), 1599 (m), 1576 (m), 1542 (m), 1448 (w), 1383 (m), 
1343 (m), 1285 (s), 1268 (s), 1198 (s), 1103 (s), 1087 (s), 1041 (s), 916 (m), 805 (s), 
778 (m), 738 (s); Ms (APCI) m/z (%): 799 (100) [M++1], 757 (12), 619 (10). 
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APPENDIX A.1 : 1H-NMR and 13C-NMR Spectrums 
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APPENDICES 
A.1. 1H- NMR and 13C-NMR Spectrums : 
 
Figure A.1. 1H-NMR Spectrum of ferrocenyl cyclobutenedione (23) 
 41
 
Figure A.2. 1H-NMR Spectrum of ferrocenyl alcohol (25a) 
 
 
Figure A.3. 1H-NMR Spectrum of ferrocenyl naphthaquinone (26a) 
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Figure A.4. 13C-NMR Spectrum of ferrocenyl naphthaquinone (26a) 
 
 
Figure A.5. 1H-NMR Spectrum of ferrocenyl naphthaquinone (26b) 
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Figure A.6. 13C-NMR Spectrum of ferrocenyl naphthaquinone (26b) 
 
 
Figure A.7. 1H-NMR Spectrum of ferrocenyl naphthaquinone (26c) 
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Figure A.8. 13C-NMR Spectrum of ferrocenyl naphthaquinone (26c) 
 
 
Figure A.9. 1H-NMR Spectrum of ferrocenyl naphthaquinone (26d) 
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Figure A.10. 13C-NMR Spectrum of ferrocenyl naphthaquinone (26d) 
 
 
Figure A.11. 1H-NMR Spectrum of ferrocenyl naphthaquinone (26e) 
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Figure A.12. 13C-NMR Spectrum of ferrocenyl naphthaquinone (26e) 
 
 
Figure A.13. 1H-NMR Spectrum of ferrocenyl naphthaquinone (26f) 
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Figure A.14. 13C-NMR Spectrum of ferrocenyl naphthaquinone (26f) 
 
 
Figure A.15. 1H-NMR Spectrum of ferrocenyl naphthaquinone (28f) 
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Figure A.16. 13C-NMR Spectrum of ferrocenyl naphthaquinone (28f) 
 
 
Figure A.17. 1H-NMR Spectrum of ferrocenyl naphthaquinone (26g) 
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Figure A.18. 13C-NMR Spectrum of ferrocenyl naphthaquinone (26g) 
 
 
Figure A.19. 1H-NMR Spectrum of ferrocenyl naphthaquinone (26h) 
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Figure A.20. 13C-NMR Spectrum of ferrocenyl naphthaquinone (26h) 
 
Figure A.21. 1H-NMR Spectrum of ferrocenyl naphthaquinone (26i) 
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Figure A.22. 13C-NMR Spectrum of ferrocenyl naphthaquinone (26i) 
 
 
Figure A.23. 1H-NMR Spectrum of ferrocenyl naphthaquinone (26j) 
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Figure A.24. 13C-NMR Spectrum of ferrocenyl naphthaquinone (26j) 
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